Rationale-Endothelial Notch signaling is critical for early vascular development and survival. Yet, previously described mice lacking endothelial ADAM10 (a disintegrin and metalloproteinase 10), a key regulator of Notch signaling, survived into adulthood with organ-specific vascular defects. These findings raised questions about whether these vascular defects were related to Notch signaling or other functions of ADAM10.
INTRODUCTION
The proper development of the vascular system is crucial for normal embryogenesis and postnatal development. Blood vessels supply oxygen and nutrients to the developing embryo and provide cues for organ development 1, 2 . Essential building blocks of the mouse circulatory system-including the primary intraembryonic vascular plexus, precursors of the aorta and vena cava, and the primary yolk sac vascular plexus-form through the process of vasculogenesis by embryonic day 7.5 (E7.5) [2] [3] [4] [5] . Vasculogenesis occurs when angioblasts (endothelial cell precursors) coalesce to form a primitive vasculature. After the primary vascular plexus is established, angiogenesis, in which new vessels branch from preexisting ones, is thought to drive most new blood vessel formation later in development 6, 7 .
Endothelial Notch signaling is essential for mouse vascular development. Previous studies suggest that little, if any, angiogenic remodeling occurs in the intraembryonic, yolk sac and placenta vasculature of embryos deficient in endothelial Notch1 8 , endothelial RBPJ (recombinant binding protein suppressor of hairless) 9 , or endothelial Notch ligand Deltalike 4 (Dll4) [10] [11] [12] . Analysis of intraembryonic vascular development in these mice also revealed defects in the dorsal aortae and/or cardinal veins and an enlarged pericardium 8, 11 . Notably, these developmental defects resulted in embryonic lethality by E10.5, suggesting that endothelial Notch signaling is required for survival beyond mid-gestation. Notch signaling is regulated by cleavage at its extracellular juxtamembrane domain by the metalloprotease ADAM10 (A Disintegrin and Metalloprotease 10) 13, 14 . This step is a prerequisite for γ-secretase processing, which releases the intracellular domain of Notch from its membrane anchor, allowing it to enter the nucleus to regulate gene expression [14] [15] [16] [17] . Surprisingly, unlike previously described mice lacking Notch1 or RBPJ in endothelial cells, mice deficient in endothelial ADAM10 (Adam10ΔEC) survived into adulthood 18 . Adam10ΔEC mice exhibited increased vascular branching in the retinal vasculature 18 , Studies with inducible endothelial knockout mice have provided crucial insights into the role of Notch signaling in retinal angiogenesis, a widely used model of developmental angiogenesis beginning after birth 19, [22] [23] [24] . However, the early lethality of other Notch pathway knockout mice has limited study of the role of Notch signaling in vascular development following E10.5-including the development of organ-specific vascular beds that arise in mid-to late gestation. Consequently, the survival of Adam10ΔEC mice and their distinct vascular abnormalities raised questions about why their phenotype differed so strongly from that of previously generated Notch1ΔEC and RbpjΔEC mice, which die by E10.5 with defects in early vascular development 8, 9, 18 . Consistent with a principal role for ADAM10 in regulating Notch signaling, mice lacking ADAM10-either systemically or in specific tissues-typically strongly resemble mice lacking components of the Notch pathway [25] [26] [27] .
Here, we explored possible mechanisms underlying the difference in lethality and vascular phenotypes in Adam10ΔEC mice and previously described endothelial Notch-pathway knockout mice. One possibility was that the related metalloprotease ADAM17, which has been implicated in Notch signaling, has compensatory or redundant functions with ADAM10, allowing it to support sufficient Notch signaling during development to circumvent embryonic lethality 15, 16, 28, 29 . To investigate this possibility, we generated mice lacking ADAM10 and ADAM17 in endothelial cells (Adam10/17ΔEC mice). A second possibility was that differences in the activity of the endothelial-specific Cre line (Tie2-Cre) used to inactivate ADAM10 and the Tie2-Cre line used previously to inactivate endothelial RBPJ or Notch1 could explain the observed differences in lethality 8, 9 . To test this possibility, we generated Adam10ΔEC mice with the Tie2-Cre previously used to generate Notch1ΔEC and RbpjΔEC mice 8, 9, 30 . Finally, to determine whether the organ-specific vascular defects in Adam10ΔEC mice are related to a deficiency in endothelial Notch signaling or to other functions of ADAM10, we generated Notch1ΔEC and Notch1ΔEC/ Notch4−/− mice with the Tie2-Cre used to generate Adam10ΔEC mice 18, 31 and tested whether expression of the Notch1 intracellular domain in endothelial cells could rescue the defects observed in Adam10ΔEC mice. Our findings reveal previously uncharacterized roles for Notch1 and Notch4 in the embryonic and postnatal development of organ-specific vascular structures.
METHODS
Please see the Online Supplement for details.
Mice
To generate mice lacking endothelial ADAM10 and ADAM17 (Adam10/Adam17ΔEC mice), previously described Adam10 flox/flox 18, 32 , Adam17 flox/flox 33, 34 , and Tie2-Cre 31 mice were crossed. In addition, we used two independent Tie2-Cre lines (Tie2-Cre (Ywa) 31 ; Tie2-Cre (Flv) 30 ), to generate mice lacking endothelial ADAM10 [Adam10ΔEC (Ywa) or Adam10ΔEC (Flv) ]. Endothelial Notch1-deficient mice (Notch1ΔEC (Ywa) ) were generated by crossing Notch1 flox/flox 35 with Tie2-Cre (Ywa) mice 31 . For Notch1ΔEC/Notch4 −/− compound knockout mice, Notch1 flox/flox mice, Tie2-Cre (Ywa) , and Notch4 −/− mice 9, 36 were mated. Adam10ΔEC (Ywa mice carrying a transgene expressing the intracellular domain of Notch1 (NICD) under control of the ubiquitous GT(ROSA)26Sor promoter with an upstream floxed stop codon were generated by matings with (Gt(ROSA)26Sor tm1(Notch1)Dam /J) mice to produce Adam10ΔEC-NICD + animals. All mice were of mixed genetic background, and littermates served as controls (unless otherwise indicated). All animal studies were IACUC approved.
Histopathology
Histopathological analysis was performed on 8-week-old mice (unless otherwise indicated). Organs were collected and processed for hematoxylin and eosin staining 18 , or for immunohistochemistry, as indicated.
RESULTS

Mice lacking ADAM10 and ADAM17 in endothelial cells
To address whether ADAM17 has compensatory or redundant functions in endothelial Notch signaling in the absence of ADAM10, we generated mice lacking both ADAM10 and ADAM17 with the Tie2-Cre used previously in Adam10ΔEC mice 31 . Like Adam10ΔEC mice, Adam10/17ΔEC were born at a Mendelian ratio (n=165, Adam10/17ΔEC: 78 [47%], Adam10 flox/flox Adam17 flox/flox : 87 [53%]) and survived into adulthood with a median life span of ~14 weeks ( Figure 1A ). The developing retinal vasculature of Adam10/17ΔEC mice showed increased density and looping at the leading edge at postnatal day P5, with similar vascular front progression compared to controls ( Figure 1B-H ).
Histopathological analysis of Adam10/17ΔEC mice revealed abnormal vascular and tissue morphology in a limited set of organs. Adam10/17ΔEC livers contained large, abnormal subcapsular vessels not present in controls (Figure 2A ,B). Surrounding these atypical vessels, mutant livers showed increased CD31 staining and sinusoidal dilatation ( Figure  2C ,D). Adam10/17ΔEC hearts had enlarged subepicardial vessels, and an increase in myocardial endothelial cell number, confirmed by increased CD31 staining compared to controls ( Figure 2E-H ). In addition, there was an increase in glomerular size, cellularity, and endothelial staining in Adam10/17ΔEC kidneys over controls ( Figure 2I -L, see supplemental Figure II for quantification of Adam10/17ΔEC vascular defects). Moreover, hyperplastic polyps populated the small intestine of Adam10/17ΔEC mice. These polyps consisted of abnormal dense nests of CD31 + cells and were occasionally associated with dilated, fluidfilled vascular spaces (Figure 2M -P; supplemental Figure IA-B) . The number of Mac2 + macrophages in close proximity to the affected vessels in the heart, liver and glomeruli was increased in Adam10/17ΔEC over controls, as in Adam10ΔEC animals (supplemental Figure III) . No obvious vascular defects were evident in other tissues, such as the brain and lungs (supplemental Figure IV) . Adam10/17ΔEC mice also had long bone defects, with significantly shorter femurs, tibias, and humeri than littermate controls ( Figure 3A revealed enlarged, irregularly shaped, improperly oriented, and frequently, fluid filled metaphyseal vessels at the chondro-osseus junction, as well as solid nests of CD31+ cells without lumens ( Figure 3G ,H, supplemental Figures IE,F, VI). In littermate controls, metaphyseal vessels were small and perpendicular to the growth plate. Micro-CT analysis showed that the disruption of the growth plate had not closed by 40 weeks of age in an Adam10/17ΔEC mouse, just as in older Adam10ΔEC mice (supplemental Figure VII) .
Moreover, we observed evidence for osteopenia in femurs (supplemental Figure VIII ). There were no evident craniofacial abnormalities or defects in suture patency in Adam10/17ΔEC and Adam10ΔEC mice, suggesting that intramembranous bone formation is not affected (supplemental Figure IX , additional analyses of the bones of Adam10/17ΔEC and Adam10ΔEC mice are shown in supplemental Figures X-XIII). Collectively, postnatal survival of Adam10/17ΔEC mice was similar to that of Adam10ΔEC mice, and the vascular defects in Adam10/17ΔEC mice were present in the small intestine of Adam10ΔEC mice, and were also present, albeit with somewhat reduced severity, in the liver, heart and kidney 18 (supplemental Figure XIV) .
ADAM10ΔEC mice with Tie2-Cre (Flv) die early in embryogenesis
Our analysis of Adam10/17ΔEC mice argued against major compensatory or redundant functions of ADAM17 in Adam10ΔEC mice 18 . We therefore tested the alternative hypothesis that a difference in the Tie2-Cre transgene used in our studies (Yanagisawa Tie2-Cre, Ywa 31 ) and in previous studies (Flavell Tie2-Cre, Flv 30 ) could explain the difference in survival of Adam10ΔEC (postnatal survival) and previously described Notch1ΔEC or RbpjΔEC (embryonic lethality) mice 8, 9, 18 . Matings of Adam10 flox/wt Tie2-Cre (Flv) males with Adam10 flox/flox females produced no live Adam10ΔEC (Flv) offspring (Table 1 ). In utero, Adam10ΔEC (Flv) embryos were present at Mendelian ratios between E7.5 and E8.5 (Table 1) . At E10.5, embryos were present at an approximately Mendelian ratio, but 11 out of 12 Adam10ΔEC (Flv) were dead. The surface of E10.5 Adam10ΔEC (Flv) yolk sacs lacked the large branching vessels seen in controls ( Figure 4A-D) . All E10.5 Adam10ΔEC (Flv) embryos had enlarged pericardial sacs (Fig. 4E , arrow) and appeared smaller than Adam10 flox/+ Tie2-Cre (Flv) littermate controls ( Fig. 4F ). At E11.5-E13.5, Adam10ΔEC (Flv) genetic material was only found in resorption sites. Thus, Adam10ΔEC (Flv) mice suffer from embryonic lethality by E10.5 with defects resembling those previously described in Notch1ΔEC and RbpjΔEC mice that were also generated with Tie2-Cre (Flv) 8, 9, 36 .
Next, we focused on whether a difference in the timing of Tie2-Cre-mediated recombination might contribute to differences in survival of Adam10ΔEC (Flv) and Adam10ΔEC (Ywa) mice. While qPCR analysis showed recombined Adam10 in E7.5 Adam10ΔEC (Flv) conceptuses, no recombination was detectable in E7.5 Adam10ΔEC (Ywa) embryos prepared under identical conditions ( Figure 4G ). Adam10 recombination in Adam10ΔEC (Ywa) mice was only consistently detectable by E12.5 ( Figure 4H , supplemental Figure XV ). These results suggest that ADAM10 excision occurs earlier in Adam10ΔEC (Flv) than in Adam10ΔEC (Ywa) embryos, providing a plausible explanation for their difference in survival. In addition, we found a higher extent of recombination of floxed Adam10 alleles in some, but not all tissues examined in young adult Adam10 flox/wt (Flv) versus Adam10 flox/wt(Ywa) mice (supplemental 
Analysis of endothelial, pericyte and lymphatic markers
In order to gain insight into the potential mechanisms underlying the vascular phenotypes observed in Adam10ΔEC (Ywa) mice, we performed qPCR analysis on CD31 + endothelial cells isolated from the lungs, liver, heart, and kidneys of Adam10ΔEC mice. The Notch target gene and marker for arterial endothelial cells Ephrin B2 (EfnB2 37 ) showed significantly reduced expression relative to the endothelial cell marker CD31 in endothelial cells from the lungs and liver of Adam10ΔEC (Ywa) mice compared to controls. Furthermore, we found a trend towards reduced expression of EfnB2 in heart endothelial cells from Adam10ΔEC (Ywa) mice compared to controls and no significant difference in endothelial cells isolated from the kidney (supplemental Figure XVII) . There was also no significant difference between the expression of the venous endothelial cell marker Ephrin B4 (EphB4) in Adam10ΔEC (Ywa) and control mice in any of the endothelial cells isolated from the different tissues examined here (supplemental Figure XVII) . In addition, immunohistochemistry for the lymphatic marker LYVE-1 revealed no evident difference in staining in the kidney, small intestine, and heart of Adam10ΔEC (Ywa) mice compared to controls, but increased staining of Adam10ΔEC (Ywa) liver sinusoidal vasculature compared to controls (supplemental figure XVIII), consistent with the known expression of LYVE-1 in sinusoidal vessels of the liver 38, 39 . Finally, when we stained several of the abnormal vascular structures in Adam10ΔEC (Ywa) mice for PDGFRβ or NG2 to assess pericyte recruitment, we found a similar staining pattern in Adam10ΔEC (Ywa) glomeruli compared to controls and clear staining of the intestinal polyps of Adam10ΔEC (Ywa) mice, as in the villi of control small intestines (supplemental figure XIX) . Moreover, the abnormal subcapsular liver vessels were PDGFRβ + while abnormal subepicardial vessels were both PDGFRβ + and NG2 + positive (supplemental figure XIX).
Notch1ΔEC mice generated with Ywa Tie2-Cre share some organ-specific vascular defects with Adam10ΔEC mice
The difference in survival of Adam10ΔEC (Ywa) mice, which live into adulthood, and Adam10ΔEC (Flv) mice, which die during embryogenesis, raised the possibility that Notch1ΔEC mice generated with the Tie2-Cre (Ywa) might develop beyond E10.5. We therefore generated Notch1ΔEC (Ywa) mice, which were found at approximately Mendelian ratios between late gestation and birth (Supplemental Table I ). About 30% of Notch1ΔEC (Ywa) mice (from crosses of Notch1 flox/flox -Tie2Cre +/− males with Notch1 flox/flox females) displayed early postnatal lethality (supplemental Figure XX) . However, over 50% of Notch1ΔEC (Ywa) mice survived at least 8 weeks and several were subjected to histopathological analysis. The Notch1ΔEC (Ywa) livers contained abnormal subcapsular vessels, as seen in Adam10ΔEC (Ywa) and Adam10/17ΔEC (Ywa) mice ( Figure 5A-D) . Notch1ΔEC (Ywa) kidneys contained somewhat larger, hypercellular glomeruli with increased CD31 staining compared to controls ( Figure 5E -H). In addition, Notch1ΔEC (Ywa) mice had significantly shorter long bones than littermate controls (supplemental Figure V) . While growth plates of Notch1ΔEC (Ywa) mice were generally intact and continuous ( Figure 5I ), the shape and size of vessels adjacent to the femoral growth plate appeared different than in controls ( Fig. 5M-N) , which was further corroborated by CD31 staining ( Figure 5K -P, see also supplemental Figure VI) .
Interestingly, unlike Adam10ΔEC (Ywa) and Adam10/17ΔEC (Ywa) mice, Notch1ΔEC (Ywa) mice lacked polyps in their small intestine and only had relatively mild defects in the heart and diaphragm vasculature (supplemental Figures XXI, XXII) . Moreover, P5 Notch1ΔEC (Ywa) retinas had only small areas with increased vascular density at the developing vasculature's leading edge ( Figure 6A-D) , although the average vascular density and vascular looping was not significantly different from controls ( Figure 6E-F) . Interestingly, the progression of the retinal vascular front in Notch1ΔEC (Ywa) mice was delayed compared to littermate controls ( Figure 6G ). By P12, development of the deep retinal vascular plexus was also not significantly affected in Notch1ΔEC (Ywa) mice compared to controls (supplemental Figure XXIII) . Notch1ΔEC (Ywa) mice thus exhibit some, but not all, of the vascular changes observed in Adam10ΔEC (Ywa) and Adam10/17ΔEC (Ywa) mice (for quantification, see supplemental Figure XXVI ).
Additional inactivation of Notch4 in Notch1ΔEC mice results in vascular defects resembling those in Adam10ΔEC (Ywa) mice
Notch4 has been reported to be highly expressed in the heart, moderately in the lung and placenta and at low levels in the liver, skeletal muscle, kidney, pancreas, spleen, lymph node, thymus, bone marrow and fetal liver (http://source-search.princeton.edu/). Previous work showed that Notch4 is predominantly expressed in endothelial cells 36, 40, 41 . To determine whether Notch4 has redundant or compensatory functions in the organ beds that are affected in Adam10ΔEC (Ywa) but not Notch1ΔEC (Ywa) mice, we generated mice lacking endothelial Notch1 that also lacked Notch4 systemically (Notch1ΔEC/Notch4 −/− ). These animals were present at the expected Mendelian ratio late in gestation and at birth (Supplemental Table II Since Tie2-Cre also drives recombination in hematopoietic cell lineages and since Tie2-mediated disruption of Notch signaling is known to affect erythropoiesis 42, 43 , we evaluated the red blood cell count, the hemoglobin levels and the percentage of reticulocytes in several mutant strains generated in this study (supplemental Figures XXVIII and XXIX). As previously described for A10ΔEC mice, we observed a significant increase in reticulocytes and decreased RBC and hemoglobin in Adam10/17ΔEC mice and Notch1ΔEC/Notch4 −/− mice. The anemia observed in Adam10/17ΔEC was significantly worse compared to previously described A10ΔEC mice and to Notch1ΔEC and Notch1ΔEC/Notch4 −/− mice, possibly due to additional effects dependent on ADAM17 and independent of Notch signaling. When we performed a mouse phenotype database search (http:// www.informatics.jax.org/mp/annotations/MP:0001577), we did not find evidence for an independent role for anemia in causing the unique combination of vascular phenotypes described here, further supporting the interpretation that they are caused by defects in endothelial ADAM10/Notch signaling.
Finally, we found that Tie2-Cre (Ywa) -dependent expression of the Notch1 intracellular domain (NICD), which is generated through sequential processing of Notch1 by ADAM10 and presenilin, rescued the vascular defects in Adam10ΔEC (Ywa) mice (n=3), further supporting the interpretation that a lack of ADAM10/presenilin-generated NICD and downstream Notch signaling is responsible for the observed vascular defects in Adam10ΔEC
animals (see supplemental Figures XXX and XXXI).
DISCUSSION
Notch signaling in endothelial cells is essential for the earliest stages of vascular development [8] [9] [10] [11] [12] 36 , but little is currently known about endothelial Notch function later in embryogenesis. Our previous observation that Adam10ΔEC mice survived into adulthood with defects in several organ-specific vascular beds raised the question of whether these defects were caused by a lack of Notch signaling. Here we demonstrated that the organspecific vascular phenotypes in Adam10ΔEC mice were recapitulated in mice deficient in endothelial Notch receptors, and could be rescued by endothelial-specific expression of the Notch1 intracellular domain in Adam10ΔEC mice. In addition, we found no evidence for redundant or compensatory function of the related ADAM17 in endothelial Notch signaling. Instead, our results suggest that the timing of Tie2-Cre-dependent excision accounts for the postnatal survival with organ-specific vascular defects observed in Adam10ΔEC mice.
ADAM10 is considered the principal Notch processing enzyme during physiological, ligandinduced Notch signaling; yet ADAM17 can also cleave Notch in cell-based assays under non-physiological conditions 15, 16, 28 . We found that mice lacking endothelial ADAM17 and ADAM10 survived in postnatal life and had all of the vascular phenotypes seen in Adam10ΔEC mice. In contrast, previously described Adam17ΔEC mice, generated with Tie2-Cre (Ywa) , had no evident defects in vascular development 34 . These findings argue against a major compensatory or redundant function for ADAM17 in endothelial cells lacking ADAM10 during organ-specific vascular development.
Instead, we found that differences in the temporal expression of the Tie2-Cre (Ywa) used here and the Tie2-Cre (Flv) used to inactivate Notch1 and Rbpj in previous studies most likely account for the survival of the previously described Adam10ΔEC mice 18 . When ADAM10 was deleted with Tie2-Cre (Flv) , the resulting Adam10ΔEC (Flv) mice died by E10.5 and appeared morphologically similar to previously described Notch1ΔEC (Flv) mice 8 .
Moreover, we found that Tie2-Cre (Ywa) induced Adam10 recombination later than Tie2-Cre (Flv) , potentially explaining the postnatal survival of Adam10ΔEC (Ywa) mice and the embryonic lethality in Adam10ΔEC (Flv) mice. Earlier inactivation of ADAM10 by Tie2-Cre (Flv) (by E7.5) may disrupt the development of the primary intraembryonic vascular network, dorsal aortae and cardinal veins, and yolk sac vasculature 8, 36 . Any of these defects would presumably be incompatible with life beyond mid-gestation. In contrast, later deletion of ADAM10 (starting around E12.5) by Tie2-Cre (Ywa) apparently allows these animals to circumvent early embryonic lethality and survive-likely because the yolk sac and early embryonic vasculature are not detectably affected.
Interestingly, Tie2-Cre (Ywa) -driven recombination also allowed Notch1ΔEC (Ywa) mice to survive into postnatal life, with abnormal vessels under the liver surface, enlarged glomeruli and malformed metaphyseal vessels in long bones. This suggest that these phenotypes, which resemble those previously reported for Adam10ΔEC (Ywa) mice, are attributable to ADAM10-dependent Notch1 signaling. However, unexpectedly, several vascular beds with defects in Adam10ΔEC (Ywa) mice appeared normal or only mildly affected in Notch1ΔEC (Ywa) mice (specifically the vasculature of the small intestine, retina, heart, diaphragm and liver sinusoids).
The generally normal appearance of Notch1ΔEC (Ywa) retinal vasculature was particularly unexpected since previous studies reported that defective Notch signaling results in abnormal developmental retinal angiogenesis [19] [20] [21] 23 . However, in these studies, Notch signaling was targeted using gamma-secretase inhibitors or endothelial Notch ligand knockdown, which can block signaling through multiple Notch receptors [19] [20] [21] . Interestingly, similar to what we observed in Notch1ΔEC (Ywa) retinas, postnatal inactivation of Notch1 alone led to increased vascular sprouting in specific regions of the retina vasculature 19 . However, when Notch1 is blocked with a specific antibody for a short time after birth, this results in strongly increased retinal vascular density 44 . Since our study relied on constitutive inactivation of endothelial Notch1 during development, this could have allowed for Notch4 to compensate for the absence of Notch1. Notably, when we also inactivated Notch4 in mice lacking Notch1 in endothelial cells, the resulting Notch1ΔEC/Notch4 −/−(Ywa) mice had all the vascular abnormalities previously identified in Adam10ΔEC (Ywa) and Adam10/17ΔEC (Ywa) mice-including increased vascular density in the developing retina 18-21, 23, 44 . These findings suggest that Notch4 has redundant or compensatory functions with endothelial Notch1 during normal retinal vascular development. Our cumulative findings suggest that Notch1 and Notch4 cooperate to support the normal development of several organ-specific vascular beds. In addition, our observation that the defects in Adam10ΔEC (Ywa) mice can be rescued by Tie2-Cre (Ywa) -dependent overexpression of the intracellular domain of Notch1 (NICD) suggests that, when ADAM10 is deleted from endothelial cells, the NICD can support signaling through both Notch1 and 4 during development of organ-specific vascular structures.
Interestingly, elements of the heart and liver vascular phenotypes described here and previously 18 have also been observed when other components of Notch signaling were targeted in the endothelium of postnatal mice. Inactivation of the Notch ligand Dll4 in endothelial cells for 10 weeks postnatally led to abnormal subcapsular liver vessels and dilated sinusoids 45 . Meanwhile, knockdown of endothelial RBPJ starting from birth resulted in abnormally large vessels near the heart surface in 2-week old mutant mice 46 . Finally, inactivation of RBPJ in endothelial cells at 2 weeks resulted in defects in the femoral and tibial growth plates and in metaphyseal vessels 47 . However, no defects in other specialized vascular beds were reported in these animals. The vascular phenotypes described in Notch1ΔEC, Notch1ΔEC/Notch4 −/− , and Adam10ΔEC (Ywa) mice point to previously unappreciated roles for ADAM10-dependent Notch signaling in organ-specific vascular development. In contrast to previously described Notch1ΔEC (Flv) 8 mice, the aorta, vena cava, and the yolk sac vasculature appear to develop normally in the Notch1ΔEC, Notch1ΔEC/Notch4 −/− , and Adam10ΔEC embryos described here. Perhaps ADAM10/Notch signaling must be disrupted during the specific mid-to late gestational window (~E11.5+) targeted in this study to elicit the particular combination of vascular defects observed here. Such a scenario could explain why only some organ-specific vascular phenotypes are observed upon postnatal inactivation of components of the Notch signaling pathway [45] [46] [47] . Further studies will be necessary to determine whether the organ-specific vascular phenotypes vary with the timing or duration of inactivation of ADAM10/Notch signaling.
Since it appears that specialized, organ-specific vessel beds are primarily affected in the knockout animals described here, we will briefly outline potential models for how ADAM10/Notch signaling could orchestrate the development of these specialized vascular networks. In each case, we propose that one or more ADAM10/Notch-dependent endothelial cell fate decision(s) are required to assemble the individual affected vascular beds. In one scenario, a specialized endothelial cell would be induced to branch off an existing vessel within the organ and differentiate, as in angiogenesis. Like the endothelial tip-stalk cell fate decision in the developing retina, this specialized endothelial cell-perhaps analogous to a tip cell-would coordinate proper development of the vasculature by preventing adjacent cells from assuming its cell fate through ADAM10/Notch-dependent lateral inhibition. In the absence of ADAM10/Notch signaling, there could be an increase in the number of one specialized cell type at the expense of another, leading to changes in the vascular organization of glomeruli, intestinal villi, and other affected structures. Importantly, unlike in the retinal vascular tree, which eventually remodels to acquire a normal appearance in adult Adam10ΔEC (Ywa) mice 18 , other affected vascular beds presumably lack the ability to remodel and restore normal vascular appearance.
The observed phenotypes may also arise from defects in artery-vein cell fate decisions in the nascent vasculature 48 , perhaps favoring venous over arterial differentiation. This is consistent with the decreased expression of the arterial marker EfnB2 in Adam10ΔEC (Ywa) endothelial cells from some affected vessel beds; further studies will be necessary to gain a better understanding of underlying mechanisms. Alternatively, or in addition, the defects could also affect vessel maturation and specialization 49, 50 . Interestingly, staining of select organs in Adam10ΔEC (Ywa) mice revealed PDGFRβ + and/or NG2 + cell populations in affected organ-specific vascular structures, suggesting that pericytes, which are key mediators in vessel stabilization and maturation 51, 52 , are still found in the vasculature of several affected vessel beds in A10ΔEC mice. Further study will be required to determine if normal pericyte ensheathment of endothelial cells occurs in these vessel beds. Finally, differentiation of nascent endothelium into fenestrated or sinusoidal endothelium 53, 54 could be compromised in developing organ-specific vascular beds. In each scenario, ADAM10/ Notch signaling would be required for selection between specialized endothelial cell fates and to control specialized vessel development in response to organ-specific cues. An intriguing third possibility is that the nascent vascular networks in affected vessel beds could form through de novo vasculogenesis, from endothelial progenitors arising from local, organ-specific precursors or progenitors recruited from the bone marrow, depending on developmental stage 55 . The nascent endothelium could then form or mature abnormally as described in the models above.
In conclusion, our results support a model in which Notch1 and Notch4 control the development of several organ-specific vascular beds in an ADAM10-dependent manner. Importantly, the timing of the inactivation of Notch signaling during development appears to profoundly affect the resulting developmental phenotypes-with early inactivation leading to the previously described early embryonic lethality and later inactivation allowing postnatal survival of animals with a unique set of vascular defects. Future studies of the mutant mouse strains generated with the Tie2-Cre (Ywa) transgene will provide unique opportunities to explore how ADAM10/Notch signaling control the development and specialization of organ-specific vascular compartments.
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Nonstandard Abbreviations and Acronyms
ADAM a disintegrin and metalloprotease
Dll4
Delta-like 4 
NG2
NG2 Chondroitin Sulfate Proteoglycan
PDGFRβ platelet-derived growth factor receptor β NICD Notch1 intracellular domain.
Novelty and Significance
What Is Known?
• The development of the specialized, organ-specific vasculature of structures such as the kidney glomeruli, liver sinusoids, and coronary vessels is poorly understood.
• Inactivation of the metalloproteinase ADAM10 (a disintegrin and metalloprotease 10) in endothelial cells specifically affects organ specific vascular structures.
• ADAM10 typically regulates cell specialization through a cell surface receptor called Notch, yet inactivation of Notch in blood vessels results in lethality well before these vascular structures develop, raising questions about the cause of the vascular defects in mice lacking ADAM10 in endothelial cells.
What New Information Does This Article Establish?
• We report that the timing of the inactivation of Notch and ADAM10 in endothelial cells (ΔEC) is crucial.
• Early inactivation of ADAM10 results in early lethality, like previously described NotchΔEC mice, whereas later inactivation of Notch1 with Notch4 affects all the specialized vascular structures that are abnormal in Adam10ΔEC mice.
• This work uncovers an essential role for the ADAM10/Notch signaling pathway in the development of organ specific vascular structures such as coronaries, kidney glomeruli and liver sinusoids.
Pathological changes in specialized vasculature such as kidney glomeruli and coronary vessels are a major cause of human disease. The desire to repair and rebuild these vascular structures provides a strong incentive to understand the molecular pathways that orchestrate their development. We knew from our previous studies that inactivation of the metalloprotease ADAM10 in endothelial cells causes a particularly interesting combination of defects in specialized vascular beds, including glomeruli, liver sinusoids and cardiac vessels. Here we show for the first time that these defects were caused by loss of signaling through a receptor called Notch, a master regulator of cellular specialization. Importantly, we show that the timing of blocking ADAM10/Notch signaling is crucial to eliciting these vascular defects. Early inactivation was known to cause lethality by blocking the very first steps of vessel development, but we now show that later inactivation selectively affects the development of specialized vascular beds, allowing survival. This opens up unique opportunities to learn more about the development of specialized, organ-specific vascular structures. Ultimately, we hope that this knowledge will help guide and inform efforts to re-build or repair these vessels in order to combat organ-specific vascular diseases such as diabetic nephropathy, glomerulonephritis, and myocardial infarction. (F) and vascular loops per 0.1 mm 2 (G) at the leading edge shows an increase in both parameters in A10/17ΔEC retinas (n=7) compared to controls (n=7). H, Retinal progression from the optic disk to the retina periphery was not significantly affected in A10/17ΔEC compared to controls. Data shown as mean ± SEM. *** signifies p<0.001, "ns" indicates no significant difference, two-tailed student's t-test. Scale bars, 500µm (B-C), and 100µm (D-E). Histopathological analysis of hematoxylin and eosin (H&E) or CD31 (endothelial cell marker) stained specimens reveal defects in vascular beds of the liver, heart, kidney, and small intestine of A10/17ΔEC mice. A to D, H&E-stained A10/17ΔEC liver (A) shows enlarged vessels (arrow) near the liver surface not present in controls (B). The enlarged vessels are CD31 + (C, arrow) and are associated with changes in surrounding sinusoidal endothelium not seen in controls (D). E to H, an A10/17ΔEC heart (E) shows an enlarged subepicardial vessel and myocardial hypercellularity compared to a control (F). The enlarged vessel in the A10/17ΔEC heart (G, arrow) is CD31 + and myocardial hypercellularity is associated with increased CD31 staining compared to the control (H). I to L, an H&E stained A10/17ΔEC kidney shows larger, more hypercellular glomeruli (I, arrow) than a control (J). CD31 staining is increased in A10/17ΔEC glomeruli (K, arrow) compared to control glomeruli (L). M to P, small intestine of an A10/17ΔEC mouse contains hyperplastic polyps (M, arrow) not present in controls (N). Polyps contain abnormal nests of CD31 + cells (O, black arrows) and are occasionally fluid-filled (red arrow) in contrast to the regular architecture of control villi (P). H&E micrographs shown are representative of 8-week old animals analyzed for each genotype (n=3 A10/17ΔEC, n=3 Table 1 Offspring of matings of (11) 9 (11) 12 (11) 10 (11) E10.5-E13.5 111
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